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ABSTRACT:. The benzoate 1,2-dioxygenase system (BZDOS) fRsrudomonas putident-2 catalyzes

the NADH-dependent oxidation of benzoate to 1-carboxyelsihydroxycyclohexa-3,5-diene. Both the
oxygenase (BZDO) and reductase (BZDR) components of BZDOS have been purified and characterized
kinetically and by optical, EPR, and Mebauer spectroscopies. BZDO has @f){ subunit structure in

which eacho subunit contains a Rieske [2Fe-2S] cluster and a mononuclear iron site. Two different
purification protocols were developed for BZDO allowing the mononuclear iron to be stabilized in either
the Fe(lll) or the Fe(ll) state for spectroscopic characterization. Using single turnover reactions, it is
shown that fully reduced BZDO alone is capable of yielding ¢ieediol product in high yield at rates

that exceed the BZDOS turnover number. At the conclusion of turnover, quantification of each oxidation
state of the metal sites by EPR and $8bauer spectroscopies shows that the Rieske cluster and mononuclear
iron are each oxidized in amounts equal to the product yield, suggesting that the two electrons required
for catalysis derive from the two metal centers. These results are in agreement with our previous study of
naphthalene 1,2-dioxygenase [Wolfe, M. D., Parales, J. V., Gibson, D. T., and Lipscomb, J. D.J2001)
Biol. Chem. 2761945-1953], which belongs to a different Rieske dioxygenase subclass, suggesting that

it is a universal characteristic of Rieske dioxygenases that oxygen activation and substrate oxidation are
catalyzed by the oxygenase component alone. The EPR spectrum of the Fe(lll) center after a single turnover
is distinct from either of those of substrate-free or substrate-bound enzyme. The complex with this spectrum
is not formed by addition o€is-diol product to the resting Fe(lll) form of the enzyme but is observed
when the Fe(ll) form is oxidized in the presence of product. Together, these results suggest that product
exchange occurs only when the mononuclear iron is reduced. Stopped-flow and rapid scan analyses
monitoring the oxidation of the Rieske cluster during the single turnover reaction show that it occurs in
three phases that are kinetically competent for catalysis. The rate of each phase was found to be dependent
on the type of substrate present, suggesting that the substrate influences the rate of electron transfer between
the metal clusters. The participation of substrate in the oxygen activation reaction suggests a new aspect
of the mechanism of this process by the Rieske dioxygenase class.

Rieske non-heme iron dioxygenases are multicomponentScheme 1: Reaction Catalyzed by Benzoate
systems that utilize NAD(P)H to reductively activate and 1,2-Dioxygenase
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distinct dioxygenase families emerge from this analysis and in its physical and catalytic properties, but it has several
are named according to the archetypal substrate in eachadvantages over this and other better studied Rieske dioxy-
class: benzoate, phthalate, naphthalene, and toluene/biphenygjenases that facilitate studies of the mechanism. These

The molecular mechanism of the Rieske dioxygenase classinclude the facts that (i) it can be purified in two forms with
remains unclear in terms of both the oxygen activation the mononuclear iron in the Fe(ll) or Fe(lll) state, respec-
chemistry and regulation of the catalytic process. It is tively, (i) its substrate and adventitious substrates are highly
apparent from the stoichiometry of the reaction that two soluble, allowing the reaction to be monitored over a large
reducing equivalents are required. Also, spectroscopic andrange of concentration and temperature, and (iii) the elec-
crystallographic studies show that the substrate binds neartronic symmetry of the mononuclear iron site is such that
the mononuclear iron site on the oxygenase Component,EPR Spectl’a are h|gh|y resolved and sensitive to environ-
suggesting that this is the site of oxygen activatin §). mental changes. Here we use this new Rieske dioxygenase
Our recent studies of the three-component naphthaleneSystem to show that the oxygenase component of a two-
dioxygenase system (NDOSjubclass of Rieske dioxyge- component Rieske dioxygenase is capable of high-yield
nase show that (i) the oxygenase component (NDO) by itself single turnover to leave both metal centers in the oxidized
is sufficient for rapid product formation in a Sing|e turnover State. AlSO, it is demonstrated that the redox state of both
if both the Rieske and mononuclear iron sites are reduced,centers has a profound effect on the substrate binding and
(ii) the role of the ferredoxin component (NDF) in this system Product release rates. Finally, it is shown that the rate of
is to transfer electrons to the Rieske cluster and to rapidly 0xidation of the Rieske cluster is influenced by substrate type,
redistribute electrons from nonfunctional to functional active Which can be used to investigate the relationship between
sites, and (iii) the @binding reaction at the mononuclear Substrate binding and electron transfer.
site is gated by substrate binding to the enzyme when the ATERIALS AND METHODS
Rieske cluster is reduced)( After one turnover, the enzyme
is left with both metal sites oxidized, showing that the two
electrons required for catalysis can be derived from a Rieske
cluster/mononuclear iron pair. This suggests that the likely
reactive oxygen species is either an Fe(lll)-bound peroxo
or, following O—O bond cleavage, a formal Fe(¥dxo
tsopfeOCrlrist.hlg reezci:rt]i\?:zgétc\;liv:s.resdourﬁg]v%heaqtl:jl;;faelfgrgf (?csﬁcrligﬁ)l;]es nd further purified usi_ng a Millipore reverse osmosis system.
have been reached in studies of the two-component phthalate Cell Growth. P. putidamt-2 (ATCC 23973), the source
dioxygenase system (PDOS) subclass of Rieske dioxygenase(.)f BZDOS and catechol 1,2-dioxygenase (1,2-CTD) used

d this study, was continually grown on modified Hutner's
In this case, both the oxygenase (PDO) and reductase (PDR n . .
components appear to be required for full product yield, and ineral base (MSB)IE) supplemented with 20 mM sodium

catalysis may require input of a reducing equivalent from benzoate as the sole carbon source (M$Bnzoate) to cure

: o : : the strain of the TOL plasmid and specifically induce
the PDR in addition to the two available from the Rieske )
and mononuclear iron center8<10). Thus, the possible expression of 1,2-CTD and BZDOS. Removal of the TOL

reactive species might include an Feflperoxo or an Fe- p!asmid was rquired tq prevent expression of toluate
(IV) —oxo. Following turnover in this case, the mononuclear dioxygenase, a Rieske dioxygenase closely related to the
iron site would be left in the ferrous state chromosomally encoded BZDOS. MSBenzoate was used

: . throughout cell culture. Six 40 L carboys were inoculated

In the current study, another subclass of Rieske dioxyge- i, 1| cyltures, grown at room temperature, and supple-

nase is studied, the benzoate 1,2-dioxygenase system (BZyonteq with 3 g/L sodium benzoate after 12 and 18 h of
DOS) from Pseudomonas putident-2. This subclass re-

bles NDOS in that th .. growth. The carboys were bubbled with sterile-filtered air.
sembles In that the oxygenase component ConsiStSzga 4 h, the cells were concentrated using an Amicon
of a trimer of o8 protomers in contrast to the, subunit

; . DC30P ultrafiltration system and centrifuged to yield ap-
structure of PDO. On the other hand, it resembles PDOS in proximately 1 kg of wet cell paste, which was stored-80

that it has only reductase (BZDR) and oxygenase (BZDO) °c

components and is thus missing a component comparable ~_ e . I
to the NDF component of the naphthalene dioxygenase BzZDOS Pur|f|cat|onAIIst_eps in the BZDOS purlflcatlon_
were completed at 4C using standard chromatographic

system. . X L
. . _ . techniques. Two procedures were used that differed primarily

BZDOS was first purified fromP. putida C1, and its iy the method of stabilization of the BZDO enzyme. The
general catalytic properties were characterizet13). It steps and the yields at each step were comparable for the

is shown here that the enzyme fréputidamt-2 is similar 6 procedures, so the results of only one of the procedures
are summarized in Table 1.

! Abbreviations: DTT, dithiothreitol; HEPEy-(2-hydroxyethyl)- BzDO Purification (Method I)FrozenP. putidacell paste
piperazineN'-2-ethanesulfonic acid; MES, N{morpholino)ethane- (typically 500 g) was thawed and resuspended in breaking

sulfonic acid; MSB, mineral salts base; BZDOS, benzoate 1,2- .
dioxygenase system; BZDO, oxygenase component of BZDOS; BZDR, Puffer (125 mM HEPES, pH 7.5, 1 mM sodium benzoate, 1

reductase component of BZDOS; NDOS, naphthalene 1,2-dioxygenasemM DTT, 5% glycerol) at a concentration of 0.5 g/mL. The
system; NDO, oxygenase component of NDOS; NDF, ferredoxin cell slurry was sonicated and diluted to 500 mL with breaking

component of NDOS; NDR, reductase component of NDOS; P450, ; ; ;
cytochrome P450 monooxygenase: PDOS, phthalate diOxygenasebuffer, and cell debris was pelleted by centrifugation for 1

system; PDO, oxygenase component of PDOS; PDR, reductasel @t 3900@. In a batch fashion, the pooled supernatant was
component of PDOS. mixed in a beaker with 200 mL of DEAE-Sepharose Fast

Chemicals.All chemicals were purchased from Sigma-
Aldrich or Matheson and used without purification except
for catechol, which was further purified by sublimation and
stored under argon. Authentic 1-carboxy-tijgdihydroxy-
cyclohexa-3,5-diene (benzoatés-diol) was prepared ac-

ording to a published procedurg4j. Water was deionized
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Table 1: Purification of Benzoate 1,2-Dioxygenase frBmputidamt-22

benzoate oxygenase benzoate reductase

purification step protein (mg) units units/thg  yield (%) protein (mg) units units/mg yield (%)
cell extract 37200 2790 0.075 100 [
DEAE-Sepharose (batch) 8820 2170 0.246 78 8820 122500 13.9 100
DEAE-Sepharose 1330 1410 1.06 51 916 100800 110 82
Ultrogel AcA 34 775 1050 1.36 38
Ultrogel AcA 44 186 94900 510 77
DEAE-Sepharose 94 74300 790 61

a Purification table from 500 g of wet cell pasteThe specific activity was determined using the standard assay without addition of F&{8.
cell extract contains NADH-dependent oxidase activity not specific for benzoate dioxygenase and was therefore not included in the purification
table.

Flow resin (Pharmacia) equilibrated in buffer A (25 mM and developed in the same buffer at 0.5 mL/min. Fractions
HEPES, pH 7.5, 1 mM sodium benzoate, 1 mM DTT, 5% containing 20% or more of the maximum enzyme activity
glycerol) and allowed to incubate fd h with occasional  were pooled. The pooled fractions were loaded onto a 120
stirring. After removal of the supernatant, the resin was mL (2.6 x 23 cm) DEAE-Sepharose Fast Flow column
poured into a column, washed Wit L of buffer A + 100 equilibrated in buffer B (25 mM MOPS, pH 6.5, 1 mM DTT,
mM NacCl, and eluted with buffer A 300 mM NaCl. The 5% glycerol). The column was washed with two volumes
protein was pooled and diluted with buffer A to lower the of buffer B + 150 mM NaCl, and BZDR was eluted by
conductivity to less than that of buffer & 100 mM NacCl, running a 1 Llinear gradient from 150 to 500 mM NacCl in
and the solution was applied to a second DEAE-Sepharosebuffer B (1 mL/min). Fractions containing 20% or more of
Fast Flow column (500 mL, 4.& 27 cm) equilibrated in  the maximum activity were pooled, concentrated, and stored
buffer A. The column was washed Witl L of buffer A + as described for BZDO.

100 mM NaCl followed by application foa 5 L linear Partial Purification of 1,2-CTD.1,2-CTD was pooled as

gradient from 100 to 400 mM NaCl in buffer A (2 mL/min). it elyted from the second DEAE-Sepharose column im-

Fractions containing at least 20% of the maximum enzyme megiately before BZDR. 1,2-CTD activity was assayed

activity were pooled. This step separated the two components,g|arographically at 23C by monitoring Q@ consumption

of BZDOS. ] in air-saturated 50 mM MOPS, pH 6.9, with a Clark-type
The DEAE pool of oxygenase was concentrated in an gjectrode as described previoush). Fractions containing

Amicon stirred ultrafiltration cell using a YM-100 membrane. greater than 10% maximum activity were pooled, dialyzed

Concentrated BZDO was applied to a 2.2 L (4820 cm)  against 50 mM Tris-acetate, pH 8.5 (X 2 L), and stored
Ultrogel AcA 34 (Sepracor) or Sephacryl S300 (Sigma) size- 4t 4 °C.

exclusion column equilibrated in buffer A and developed
with buffer A at 0.5 mL/min. Fractions containing 20% or . )
more of the maximum enzyme activity were pooled. BZDO (CDD). The second enzyme in the benzoate degradation

a5 conceiated as aove, and aliguos were mmedarenf 1% S 1 110 depercent dbyiogeiose b e
frozen in liquid nitrogen and stored at80 °C. Enzyme Y y

PP . cis-diol to catechol 17, 18). The enzyme was pooled from
%rzlflvevir:nttr?és mgg gr?lrj'ctligpei?o?zﬁ%ﬁ en t?;?reigvsi;el:e(/s ce the second DEAE—Slepha)rose cqurr):n where iFt)eIuted before
Results). BZDR. The QDD pqol was concgntrated using a Centricon

BZDO Purification (Method II).A second purification 1.0 ultraﬂltrgtlon device an.d' applied to a 100 mL ACA 44
method was used to produce a highly active BZDOS sge-exclusmn column eqLélllbrated and developed in 5.0'mM
preparation that did not contain benzoate. All of the Tris buffer, pH 7.8, and 5% glycerol. The CDD-containing

) . fractions were pooled, concentrated, and stored&Q °C.
chromatography steps described for method | were utilized : . )
. . o The size-exclusion step was required to remove an unknown
with the following modifications: all buffers were bubbled

with N5 prior to use to decrease the dissolvedodncentra- contaminating protein that had NADH-dependent oxidase

. ) . activity that interfered with assays. CDD activity was
tion, benzoate was omitted from the buffers, and the size- measured by monitoring the increase in absorption of NADH
exclusion column was equilibrated and developed in 100 mM y g b

MOPS buffer, pH 6.9, 1 mM DTT, and 5% glycerol. This (634°h_ 023 mM™* em™) using authentic benzoates-diol
preparation of BZDO (BZD§) typically contained about as the substrate. o )
2.6 Fef3 and exhibited the same specific activity as BZDO BZDOS AssaysBZDO activity was determined polaro-
but the mononuclear iron was in the ferrous state (see below).graphically at ambient temperature (234 °C) in a standard
BZDR Purification Pooled BZDR from the second DEAE- ~ réaction mixture containing 100 mM MOPS, pH 6.9, 0.1 M
Sepharose column was concentrated in an Amicon ultrafil- NaCl, 1.0 mM sodium benzoate, 0.3 mM NADH, angi
tration cell using a YM-30 membrane, loaded onto a 490 BZDR. The large amounts of BZDR required for maximal
mL (2.5 x 100 cm) Ultrogel AcA 44 (Sepracor) size- OXygenase activity prohibit routine analysis under saturating

exclusion column equilibrated in buffer 4 100 mM NaCl, ~ conditions. Minor background rates of uncoupled con-
sumption by NADH and BZDR were subtracted from the

2 Because BZDO consists of thraef) dimers with each heterodimer total consumption rate. Reactions with substituted benzoates

containing one active site, all stoichiometries and activities of BzDO Ccontained 10 mM substrate, 31 NADH, 1.8 uM BZDR,
or BZDOS are referenced to a singi# active site. and 0.7uM BzZDO. Eighty units of bovine catalase was

Partial Purification of Benzoate cis-Diol Dehydrogenase
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added when oxygen consumption ceased to assess the amouirtbn concentration in MSBbenzoate. Other procedures were
of uncoupled turnover, which yields hydrogen peroxide as as described for method I. Because this procedure enriched
a product. One unit of oxygenase activity is defined as the both the Rieske and mononuclear iron sites, the mononuclear

amount of enzyme required to consumearhol of O, in 1 5Fe was removed and replaced wifre by the standard
min. reconstitution procedure.
BZDR was routinely assayed at 28 by following the Protein Purity, Molecular Weight, and Compositiofhe

reduction of KFe(CN) spectrophotometrically at 420 nm  protein purity and molecular weight were analyzed by SDS
(€220 = 1.02 mM™* cm™). The assay mixture contained 50 PAGE under denaturing conditions. Analytical ultracentrifu-
mM HEPES, pH 8.0, 1 mM KFe(CN), and 0.3 MM NADH  gation was performed as previously describg).(Flavin
in 1 mL. The assay was initiated by the addition of reductase. content of BZDR was determined by treating the enzyme
Rates were calculated from initial velocities after subtraction wijth 3 N HCI followed by centrifugation to remove
of background rates of &e(CN}) reduction by NADH. One  precipitated protein. The flavin was identified as FAD by
unit of activity is defined as the amount of reductase that Comparison of its optica| spectrum to those of both FMN
catalyzes the reduction of Amol of KsFe(CN} in 1 min. and FAD, as well as by thin-layer chromatography [mobile
Preparation of Mononuclear Iron-Depleted BZDMono- phase: 1-butanol/acetic acid® (4/2/3); FMNy = 0.66,
nuclear iron was removed from BZDO by dialyzing the FADg;= 0.46, BZDRy = 0.47]. FAD content was quantified
concentrated enzyme against chelators. BZd@&s placed by UV/vis spectroscopyegso= 11300 M2 cm1). The metal
into a Slide-A-Lyzer cassette (Pierce) and dialyzed againstto protein stoichiometry was determined by inductively
four changes of a 100 volume of 50 mM HEPES, pH 7.5,  coupled plasma emission spectroscopy (University of Min-
5% glycerol, and 10 mM EDTA over 24 h with stirring at 4 nesota Soil Sciences Department) and amino acid analysis
°C. BZDO, was dialyzed against the same buffer with the (University of Minnesota Microchemical Facility) performed
addition of 1 mM o-phenanthroline. The chelators were on the same sample. Routine measurements of iron content
removed by a singl 2 h dialysis (108 volume) against 50  were made by either atomic absorption (Varian SpectAA
mM MOPS, pH 6.9, 1 mM DTT, and 5% glycerol, followed 100) or the method of Fist2). Mononuclear iron content
by application of the enzyme to a 120 mL Sephadex G-25 was determined as described previously The extinction
(Pharmacia) column equilibrated in the same buffer. The coefficients for BZDOS components were found to be nearly
enzyme (BZDQ@,9 was concentrated and stored as described identical to those reported for BZDOS isolated frénputida
above. BZDQ,, typically contained 1.9 Fef3 from the C-1 (11—-13). BZDR: €33 = 62 mML cm'?; e457 = 21
Rieske cluster. mM~1 cm L. BZDO: €550 = 133 MM 0871 cm?; €305 =
Reconstitution of BZDg,. Iron reconstitutions of mono- 15 mMt a2 cm?; €44 = 7.8 MM a5~ cmL,
nuclear iron-depleted BZDgbwere completed onice under  anaerobic Technique, Preparation of Nitrosyl Complexes,
anaerobic conditions. Stock solutions of Fe(ll) were made 4nq protein Reductiornaerobiosis was attained, and nitrosy!
from Fe(NH;)(SQ).-6H.0 buffered with 100 mM MOPS, complexes were prepared using methods previously described

PH 6.9. BZDQyo (0.5-1.0 mM a5) was incubated with 5 (7) proein reduction was completed under anaerobic condi-
mM Fe(ll) for 1 h and then applied to a 50 mL Sephadex  jqng by addition of aliquots of a buffered dithionite stock
G-25 column equilibrated in Ar-purged 50 mM MOPS o4t in the presence of methyl viologen (28 for EPR

buffer, pH 6.9, 1 mM DTT, and 5% glycerol. Brown eaqrements, 100M for all other experiments) until a faint
fractions of the reconstituted enzyme (BZRPwere col- e color from reduced methyl viologen was detected,

lected, pooled, concentrated, and storeet80 °C. Atempts i gicating that the enzyme was stoichiometrically reduced.

to reconstitute BZD@,, with Fe(lll) were also performed . .
using a stock solution of Fe@bH,0 following the same _SpectroscomElectronlc absor'ptlon spectra were recorded
procedure described for Fe(ll). The extent of reconstitution using a Hewlett-Packard 8453 d_|ode array spectrophotometer.
was evaluated by iron content, EPR spectroscopy, andEP R spectra were recorded using a Bruker E-500 spectrom-
enzyme activity. While reconstitution with Fe(lll) was eter and an Oqurd 910 I|qU|_d helium cryostat anq were
unsuccessful, the reconstitution of BZREwith Fe(ll) analyzed as previously de;cnbeﬂ.(E/D.was determined
typically yie|d1ed enzyme with 2.5 Fep from the g-values as previously described).( The EPR

: ) spectra of Figure 9 were recorded on a Bruker 300

5’Fe Incorporation.The mononuclear iron site of BZDO . ;
was enriched witfi’Fe by reconstituting BZDg,containing spectrometer equipped with an Oxiord ESR 910 cryostat for
low-temperature studies. The Oxford thermocouple temper-

i i 1 7|
unenriched Rieske cluster witfi~e(|l) prepared front'Fe ature was calibrated using a carbeglass resistor probe

metal under anaerobic conditions. The iron foil was first . N

dissolved in a degassed solution of concentrate8Q (3 (CGR-1, Lake Shore Cryotronics). For determination of the

mol equiv) and concentrated,NOs (1 mol equiv). The iron spin concentrations the system was calibrated against CUED-

solution was diluted to 56200 mM Ee with 1 M MOPS TA for which the copper concentration was determined by

pH 6.9, and 20 mM DTT. Aliquots of th&Fe solution weré plasma emission spectroscopy. The spectra were analyzed
oy ' using a software package written by Dr. M. P. Hendrich at

added to the BZDg, solution to a concentration of S mM, Carnegie Mellon University. The microwave power required
and the remaining steps of the reconstitution were performed 9 . Y. ! P d
for half-saturation Ry, value) of the nitrosyl complexes was

as described above. Enrichment of the Rieske cluster with determined by measuring the intensity of the low-field EPR
57 i i _2 1 ini -
Fe was completed by growi, putidamt-2 in minimal resonanceq = 4.1-4.2) at different powers and fitting the

media as described above with the following modification: data to the equation:
all precursor solutions used in MStbenzoate were made q '
without addition of the prescribed iron, ahtFe was added b2
from a stock solution to a final concentration similar to the S = (IIVP)(1gv/Pg) = (1 + PIP,) (1)
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Table 2: Comparison of Physical Properties of Two- and Three-Component Rieske Dioxygenases

benzoate 1,2-dioxygendsebenzoate 1,2-dioxygendsephthalate dioxygenase naphthalene 1,2-dioxygendse

(P. putidamt-2) (P. putidaC-1) (B. cepacia (P.sp. NCIB)
oxygenase component
subunit structure oB)s (af)s Ol (0f3)s
subunit MW (kDa) o=49 o =50 =48 a=55
p=19 p=20 p=20
molecular mass (kDa)
sedimentation analysis 195 201 e 210
SDS-PAGE 204 210 192 225
Fe content (mol/mol oé3) 2.7 2.7 2.7 2.7
specific activity (units/mg) 24 19.7 18.4 26
ferredoxin component none none none 14 %Da
reductase component
molecular mass (kDa)
sedimentation analysis 38.3
SDS-PAGE 38 375 34.4 36.0
flavin content 0.96 1.0 1.0 0.15
Fe content 2.02 2.08 1.91 2.0
specific activity (units/md) 790 697 120 1225

2 This work.” Data from refsl1—13. ¢ Data from ref8. ¢ Data from refs7 and21—23. ¢ A molecular mass of 217 kDa was determined by gel
filtration chromatography and is used as the holoenzyme mBstermined at ambient temperature {25 °C) under conditions of saturating
components. In the case of BZDOS frdmputidamt-2, theKy for BZDR ranges from 5 to 1@M and depends on the ionic strength. Steady-state
activity is maximized at~100 mM NaCl at pH 6.9. Using the standard assay withVLBZDR, the specific activity is 1.52.0 units/mg, which
increases te~2.6 units/mg upon saturation with added Fe@Ihe NDOS ferredoxin component contains one Rieske-type [2Fe-2S] clusigtivity
determined with KFe(CN) as electron acceptorSupplemented with 1 nmol of FAD.

whereS is the normalized signal intensity,is the signal Spectroscopic Analysis of Single Tumeo Reactions.
intensity measured at a temperature of 4 K,is the Single turnover reactions to be monitored by EPR spectros-
microwave power, and is a parameter describing the copy were performed in septum-sealed, stirred reaction vials
broadening mechanism. containing 20Q«M BZDO sites in 100 mM MOPS, pH 6.9,
The Mtssbauer spectrometer was of the constant acceleraat 23°C. The enzyme was reduced stoichiometrically with
tion type equipped with a Janis Supervaritemp cryostat. dithionite and 2Q:M methyl viologen and mixed with either
Isomer shifts are reported relative to iron metal at room an equal volume of anaerobic buffer or an equal volume of
temperature. oxygenated buffer each containing 10 mM benzoate. The
Single Turneer Reactions and Product AnalysBBingle mixture was then rapidly transferred (within 10 s) to EPR
turnover reactions to determine product yield were carried tubes and frozen in liquid Nafter 60 s. Stopped-flow
out in 100 mM MOPS, pH 6.9, using stirred, septum-sealed reactions were performed at°€ using an Applied Photo-
reaction vials. BZDO (50 nmol of BZDO active sites) was physics model SX.18MV stopped-flow instrument with the
first made anaerobic and stoichiometrically reduced with following reactants: syringe 1 contained anaerobic 60 or 100
dithionite in the presence of 1Q0M methyl viologen in a uM stoichiometrically reduced BZDO in 50 mM MOPS, pH
total volume of 50Q:L. Turnover was initiated at 23C by 6.9; syringe 2 contained 2 mM benzoate in€aturated (1.8
addition of an equal volume of &saturated buffer~1.2 mM) 50 mM MOPS, pH 6.9. Single turnover samples for
mM at 23°C) containing 2 mM sodium benzoate. Where Mdssbauer spectroscopy were prepared &(3s follows:
indicated, 50 nmol of BZDR was included in the reaction, BZDO (1 mM a}3), benzoate (10 mM), and methyl viologen
or Fe(NH,)2(SOry),-6H,0 was added to a final concentration (100xM) were mixed and made anaerobic, and the enzyme
of 100 uM. Reactions were transferred to Eppendorf tubes was stoichiometrically reduced with dithionite in a septum-
and terminated at 1 min by immersion into a 90 water sealed reaction vial. An aliquot was transferred to &sho
bath for 2 min, resulting in the total loss of activity. Longer bauer cup using a Hamilton gastight syringe. The cup was
reaction times did not result in increased yield of product. contained within a septum-sealed vial maintained under 1
Samples were briefly vortexed and frozen in liquig Unntil atm of Ar. The sample in the cup was frozen in liquid N
product analysis was performed. No breakdown of authentic while still in the anaerobic vial. The remaining enzyme
benzoatesis-diol is observed during this treatment. Because mixture was reacted with oxygen by vigorously flushing the
of the instability of the product under HPLC conditions, surface of the solution with Ofor 20 s. The sample was
production of benzoateis-diol was measured by coupling transferred to a Mssbauer cup and frozen in liquicb.N
benzoatecis-diol production to NADH formation using the
NAD*-dependent CDD. Samples for assay were thawed andRESULTS
centrifuged for 2 min at 200@to pellet precipitated protein, Stabilization, Purification, and Properties of P. putida mt-2
and the supernatant was transferred to a cuvette to whichBZDOS. A common problem with Rieske dioxygenase
the CDD (0.18 unit) and NAD (1 mM) were added. The  preparations is the isolation of inactive protein due to loss
reaction was monitored at 340 nm for NADH formation until of mononuclear iron from the oxygenase component. We
no further increase in absorption was observed (about 3 min).have found that addition of substrate to (preparation B4DO
For precision, a standard curve using authentic benziste  or removal of Q from (preparation BZD), the BZDOS
diol was generated under identical conditions and used for purification buffer stabilizes the mononuclear iron center of
the determination of product formed during the single the BZDO component, reducing the loss of activity. Through
turnover reaction. application of these approaches, the two components of the
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Table 3: Optical and EPR Spectroscopic PropertieB.gbutida
mt-2 Benzoate 1,2-Dioxygenase

UVNVIS Aimax EPR parameter
protein component [e (MM~tcm™Y)] g-value E/D
BZDO,
[2Fe-2S] 325 (15), 464 (7.8)
mononuclear Fe rfo 7.6,4.2,1.83 0.076
4.3 0.33
BZDO,
[2Fe-2S] 325 (15), 464 (7.8)

mononuclear Fe
reduced BZDO
[2Fe-2S]
mononuclear Fe
BZDO after turnover
[2Fe-2S]

no

380 (5.9), 520 (2.9) 2.01,1.91, 1.77
no

325 (15), 464 (7.8) b

mononuclear Fe no 8.25, 3.35, 16630.115
4.3 0.33

BzDO, + O,

mononuclear Fe no 7.6,4.2,1.83 0.076
BzDO, +

benzoatet O,

mononuclear Fe no 4.3 0.33

BzZDO, +

cis-diol + O,

mononuclear Fe no 8.25,3.35,1.63 0.115
4.3 0.33

oxidized BZDR

[2Fe-2S], FAD 345 (17), 467 (21)
2e reduced BZDR
[2Fe-2S], FADH 467 (9.8), 648(1.9) 2.05, 1.95, 1.88;

2.006!
3e reduced BZDR
[2Fe-2S], FADH 467 (5.1), 540 (3.4) 2.05,1.95,1.88

2 Not observed. Comparison of the spectrum with that of BZf30
shows no apparent charge-transfer band from the mononuclear iron.
b Greater tha 1 h isrequired to fully oxidize the Rieske clustérThe
g = 1.63 feature has not been observed. The position of this feature
depends strongly oB/D, and the resonance broadens significantly when
E/D is distributed. The same considerations apply for ghre 1.83
feature of theE/D 0.076 species! The absorption at 640 nm and EPR
resonance aj = 2.006 represent the neutral blue flavin semiquinone
of reduced BZDR.

benzoate 1,2-dioxygenase system frenputidamt-2 were
purified to homogeneity using standard chromatographic

Wolfe et al.

Absorption (%)

Velocity (mm/s)

FiGure 1: Mossbauer spectra of the [2Fe-2S] Rieske-type cluster
of BZDO. Shown are spectra of BZDQ(2.1 mM sites) withP’Fe
incorporated only into the Rieske cluster as described in Materials
and Methods. (a) Spectrum of the oxidized cluster recorded in zero
field at 4.2 K. The solid line is a fit to two quadrupole doublets
using the parameters quoted in Table 4. (b) Spectrum of the reduced
cluster recorded at 195 K in zero field. The solid line is a fit to
two doublets of equal intensity. The brackets in (a) and (b) designate
the doublets assigned to the R, site of the Rieske cluster. (c)
4.2 K spectrum of the reduced cluster recorded in a 0.5 T field
applied parallel to the observedradiation. The fit is a spectral
simulation using the parameter set listed in Table 4. (For details
see ref24.)

enzyme as isolated was recovered by adding Fe(ll) to the
BZDO,y assay. In a separate experiment, BZRQvas
reconstituted with Fe(ll) in the absence of assay components
to yield BZDQO.. (see Materials and Methods). BZREhas
catalytic properties nearly identical with those of BZPpO
as isolated, consistent with2.5 total iron peirs and~0.6
mononuclear Fel. BZDOay, failed to bind Fe(lll) under
identical reconstitution conditions.

In the following sections describing spectroscopic and
kinetic results, it is useful to keep in mind that BZp®as
prepared in the presence of benzoate and that benzoate is in
the buffer for all experiments unless stated otherwise. In

techniques as summarized in Table 1 (see Materials andcontrast, no benzoate was present for experiments involving

Methods). The two different methods used to stabilize BZDO
during purification resulted in enzymes with identical physi-
cal parameters except for the oxidation state of the mono-
nuclear iron (see below). Table 2 shows that the physical
properties of thé®. putidamt-2 enzyme are very similar to
those of the BZDOS isolated previously fraPn putidaC-1.

BZDOy, BZDOp, 0r BZDO,, unless it is specifically stated
that it was added.

Spectroscopic PropertiesThe optical spectra of the
BZDOS components are consistent with those of other
members of the Rieske dioxygenase family and are sum-
marized in Table 3. As isolated, BZh@nd BZDQ have

A relatively broad range of substituted benzoates serves aselectronic absorption maxima at 325 and 464 rax.(=

alternative substrates for the two enzymes with only minor
differences in relative turnover rates (for a list see 12X
The general properties of the BZDOS enzymes are similar

7800 M! cm™), indicating that the Rieske cluster is
oxidized. Bleaching of the visible spectrum occurs upon
addition of dithionite or NADH and catalytic amounts of

to those of Rieske dioxygenases from other subclasses (TabldZDR, and this change can be used to monitor electron

2), although differences in the number of electron transfer

transfer to and from the cluster (see below).

chain components and the oxygenase component subunit Figure 1 shows Mssbauer spectra of the oxidized and

properties and quaternary structure that form the basis for
the classification system are apparent.

Importance of the Mononuclear Iron Sit&s observed
for other Rieske dioxygenases, removal of the mononuclear
iron from BZDQ or BZDO, while leaving the Rieske cluster
intact (BZDQy, led to>90% loss of activity. The remaining
activity probably reflects residual iron in the assay mixture,
oxidase activity of BZD@,, or both. Full activity of the

reduced Rieske cluster of BZDO. The 4.2 K spectrum of
Figure 1a exhibits two doublets withEg(1) = 0.51 mm/s,

0(1) = 0.24 mm/s andAEg(2) = 1.05 mm/s,06(2) = 0.35

mm/s. These parameters are nearly the same as those reported

for the Rieske clusters of the toluene-4-monooxygenase

system fromPseudomonas mendocitfa4) and the ferre-
doxin from Thermus thermophiluf5). The two doublets
represent the inequivalent iron sites of ®e 0 state of the
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Table 4: 4 K Mwssbauer Parameters of Benzoate 1,2-Dioxygenase

0?2 AEq A A A
sample spin (mm/s) (mm/s) n (MHz) (MHz) (MHz) % Fe
BZDR (0x) 0 site 1 0.27 0.55 50
site 2 0.28 0.86 50
BZDR (red) Y, ferric 0.30 0.8 0 —55 —49 —44 50
ferrous 0.65 —-3.0 -1 +11 +25 +36 50
Rieske (ox) 0 site 1 0.24 0.51 50
site 2 0.35 1.05 50
Rieske (red) 1, ferric 0.30 0.65 0 —55 —48 —44 50
ferrous 0.75 —-3.2 —2° +13 +14 +30 50
mono Fe(ll) 2 site | 1.26 3.1 75 (3)
site Il 1.27 2.0 25 (3)
mono Fe(lll) 5, ~0.45 ~1.0 0.5 —26.7 —26.7 —26.7 50 (10)

after turnovet

a|somer shifts are quoted at 4.2 K relative to Fe metal at 298 Kis state hag-values at 1.88, 1.95, and 2.05The largest component of the
electric field gradient tensor is positive and directed alongxthgis. In a proper coordinate system of the field gradient tengey > 0 andy =

0.33.9D = 3.0 cnm! andE/D = 0.115.

oxidized cluster. Upon reduction by dithionite, the Rieske a —
cluster assumes the exchange-coupfed Y/, state. The 00F

spectrum of Figure 1b was recorded at 195 K under

conditions where the electronic spin relaxes fast compared 3 05f

to the nuclear precession frequencies, and therefore, only g

quadrupole doublets are observed. The spectrum exhibits a g 1or

doublet representing a high-spin ferric site willieg(1) = 2

0.65 mm/s and(1) = 0.23 mm/s and a doublet of a high- < 00 ”b

spin ferrous site WittAEq(2) = 2.99 mm/s and(2) = 0.68 WWMWWMW
mm/s; by correcting for the temperature-dependent second- '|} i I”’n""
order Doppler shift, we obtain the isomer shifts at 4.2 K, o5k N

1 1 1 |I 1 L 1
0(1) = 0.30 mm/s and(2) = 0.75 mm/s. Comparison of 5 4 2 0 2 4 6
thed-values of the two sites in the two oxidation states shows Velocity (mm/s)
that site 2 is the site coordinated by the two histidyl residues, e 2: 4.2 K Messbauer spectra of tHé e-enriched BZDO
and it is this site that accommodates the electron that entersmononuclear iron center. (a) Spectrum of the ferrous sit¢00
the cluster upon reduction (in Figure 1 the doublets of site uM *"Fe) recorded in zero field. The spectrum contains two major
2 are marked by the brackets). The low-temperature specrepclss Mt m3L T U sFl g e <20 e

. . . - . 0).

of the Rieske cluster, shown in Flgure_lc, are ver_y similar using Voigt lines with 0.4 mm/s Gaussian width to account for the
to those observed for the. mendocinaRieske protein and  relatively broad lines. (b) Spectrum of BZDO following single
were fit in the same way2{) to give the parameters listed

turnover. The sample (ca. 3@ 5’Fe) was reduced stoichiomet-
in Table 4. During this study, we have also recorded rically with dithionite and methyl viologen and then made 10 mM

Méssbauer spectra of the [2Fe-2S] cluster of BZDR (not in benzoate. Finally, it was exposed t@ for 20 s as described in

h -t | h included i Materials and Methods. The spectrum was collected at 4.2 K with
S EI)'Wtr)]I)’ fl)r completeness, we have Included Its parameters, g o5 mT magnetic field applied parallel to the incidemadiation.
in Table 4.

The solid line, scaled to correspond to 50% of t6t&k, is a fit to
. . =5 - ithD = 1 =
Figure 2a shows a 4.2 K Msbauer spectrum of BZDO @1 S = ®/2 species wittD = 3.0 cm* andE/D = 0.115 (ca. 50%
57 . . of total absorption) using the parameters listed in Table 4.
with >’Fe enrichment at the mononuclear center (see Materi-
als and Methods). The spectrum shown consists of agpserve two species using EPR spectroscopy as described
superposition of (essentially) two doublets. Doublet I, pelow.
representing ca. 75% of the Fe, h&Bq = 3.1 mm/s and The EPR spectra of high-spin ferric ions are commonly
= 1.26 mm/s while doublet Il (braCket) eXhlbl&Q =20 described with the&s = 5/2 Spin Hamiltonian:
mm/s andd = 1.27 mm/s. Both doublets represent high-

spin ferrous ions. We have observed similar spectra for other H = D[SZZ — S+ 1)/3]+ E(SXZ — 55/2) + 2.08S'B
preparations, with some variability in the amount of Fe )

represented by each doublet. Strictly speaking, doublet I

represents a distribution of species wkEq values centered D and E are the axial and rhombic zero-field splitting
about the mean value of 2.0 mm/s. We have represented thijsarameters, respectively. The zero-field splitting term re-
distribution by assuming absorption lines with Voigt shapes moves the 6-fold degeneracy of the spin sextet, and three
(using a convolution of a Lorentzian with 0.15 mm/s width Kramers doublets result. Fob| > B it is convenient to
into a Gaussian having widdh= 0.4 mm/s). In the absence describe the magnetic properties of each doublet by effective
of substrate, essentially the same doublets were observedg-values; all values quoted below are effectigevalues.
albeit with slightly different intensity ratios. These data Theseg-values depend only on the paramdiéd; the energy
indicate that the reconstituted oxygenase contains mono-of the three doublets depends @ and E/D. Table 3
nuclear iron in at least two different electronic environments, summarizes the EPR properties of both components of
which appear to be sensitive to substrate binding. We alsoBZDOS.
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Ficure 3: EPR spectra of BZDO purified by methods | and Il
Samples contained 45MM BZDO sites: (a) BZDQ (b) BZDQ,,

and (c) BZDQ reduced with dithionite plus 2«M methyl
viologen. The sharp dip below the baseline near ghe 2.01
resonance in (c) results from the reduced methyl viologen radical.
Instrument conditions: microwave power, 109/ (a, b) and 200
uW (c); temperature2 K (a, b) and 25 K (c); modulation amplitude,
10 G; microwave frequency, 9.63 GHz.

The EPR spectrum of BZDGhown in Figure 3a reveals
two S = %, species with differenE/D values. The major
species ha&/D = 0.076 ¢« = 4.2,y = 7.6, andg, = 1.83
result from the ground doublet, roughly thg = 41/, state,
andg, = 5.7 belongs to the middle doublet). Temperature-
dependent changes in intensity of the: 7.6 and 5.7 features
were used to establidh = +1.3 cm* for this species. The
minority species has a rhombE/D = 0.33, yielding the
isotropic g = 4.3 resonance originating from the middle
Kramers doublet of this species. After subtraction of the small
signal from the rhombic species, the more akidd = 0.076
Fe(lll) content was estimated to be 6@.9 spint3 depend-
ing on the particular batch of enzyme analyzed.

Figure 3b shows the EPR spectrum of BZPQNo

Wolfe et al.
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Ficure 4: EPR spectra showing effects of substrate binding to
BZDO. Spectra ac show EPR spectra of BZD@00uM sites)

(a) as isolated in the presence of benzoate, (b) following removal
of benzoate by gel filtration, and (c) after addition of 10 mM
benzoate to (b). The asteris¥&] marks the sharp signal from Fe-
(1) with maximal rhombic symmetry that is present only in samples
containing benzoate. Benzoate binding to BZDO with ferrous
mononuclear ion is demonstrated in spectregd The normally
EPR-silent BZDQ (450 uM sites) was made EPR active by
exposure to NO in the absence (d) or presence (e) of 10 mM
benzoate. (f) Spectrum of BZO@00«M sites) after exposure to
NO, which causes the reduction of the mononuclear iron by an
unknown mechanism. (g) Spectrum of BZPddter removal of the
benzoate and exposure to NO. Insets: Expanded views @f the

4 region of the nitrosyl complexes (hot aligned with the magnetic
field axis of the main figure). The origins of the anomalous signals
nearg = 2 are described in the text. Instrument conditions:-dp
microwave power, 100W; temperature, 2 K; modulation ampli-
tude, 10 G; microwave frequency, 9.63 GHz-@) the same except
microwave power, 20@W, and temperature, 10 K.

evidence for significant concentrations of mononuclear Fe- of benzoate to BZDQ Because this species represents only
(I in either the high- or low-spin states is observed, a few percent of the total Fe(lll) content of the enzyme, itis
suggesting that the mononuclear iron present in the sampleunlikely that the changes reflect an alteration in the entire
is ferrous (see below). As isolated, neither BZD@br population of mononuclear iron sites in the sample. One
BZDO, shows anisotropic EPR signals nga+ 2, indicating possibility is that the two different types of iron centers reflect
that the Rieske cluster is in the oxidized, diferric [2Fe?2S]  two different ways that benzoate can bind in the active site.
state. Figure 3c shows the spectrum of BZdGter addition Another possibility is that despite its presence in solution,
of excess dithionite. Resonancegat 2.01, 1.91, 1.77d,y benzoate cannot gain access to the majority of the mono-
= 1.89) result from antiferromagnetic coupling of the ferric nuclear iron sites so that the/D = 0.076 center is the
and ferrous ions of the reduced Rieske cluster. An identical substrate-free form of BZDO. Support for this latter pos-
spectrum is observed for reduced BZD{tegration of the sibility is reported below. If this is the case, then 8® =
signal yields 0.8-1.0 spin3, varying with different batches  0.33 species represents the true substrate complex.

of enzyme. Since reduced BZhénd BZDQ, have identical
spectra, the presence of benzoate in the BZp®paration

While the EPR data for BZDOseem to indicate that
substrate in solution does not affect the environment of the

apparently does not alter the electronic environment of the majority Fe(lll) mononuclear iron site, it can readily be

Rieske cluster.
Substrate Complexes of BZDO as Isolatéde mono-

shown that this is not the case for the mononuclear Fe(ll)
centers of BZD@ and reduced BZD{Q The mononuclear

nuclear iron of Rieske dioxygenases is proposed to be theFe(ll) site of BZDQ is EPR silent at X-band, but upon
site of both Q and substrate binding. The EPR spectra shown exposure to nitric oxide, an axi&@ = ¥, complex forms

in Figure 4a-c indicate that only the minor rhombic species

with effective g-valuesgy, = 4.11, 9« = 3.96, andg, = 2.0

atg = 4.3 is affected by the removal and subsequent addition (line width atgy, g« = 40 G,E/D = 0.012) (Figure 4d). We
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have shown this spectrum to be characteristic of an Fe(ll)
nitrosyl complex in several other mononuclear iron-contain-
ing enzymes (see, for example, ré&and27). Integration

of the BZDQ,—NO spectrum yielded~0.6 spinf5 but
exhibited the same batch-to-batch variability described above.
Two other signals observed @ ~ 2 result from NO
interacting with the Rieske clusteg & 2.04, <0.05 spin/

03) and dissolved NOg = 1.97)2 As shown in Figure 4e,
addition of 10 mM benzoate to the NO complex causes two

major changes in the EPR spectrum, suggesting that benzoate

binds near the mononuclear iron. First, a strp3/, species
(gy = 4.21,9, = 3.85, andg, = 2.0; line width atgy, gx =

25 G) forms that is more rhombi&(D = 0.029) than that
of the binary Fe(Il)>NO complex. Second, upon addition
of benzoate, th&/D = 0.012 species decreases in intensity,
and its line width sharpens to 25 G. Spectral simulation
indicates that th&/D = 0.029 ande/D = 0.012 species are
formed in about a 2:1 ratio. Integration of all NO complexes
yielded the same number of spins as originally present in
the binary complex, suggesting that #8® = 0.029 species
was formed from the binary complex. As expected, BZRO
exposed to NO fails to generaf= 3/, complexes in the

presence or absence of benzoate (data not shown). The order

of addition of benzoate and NO to BZQy®as no effect on
the rhombicity or line width of complexes formed.

Because the amount of Fe(lll) in the BZP&pproaches
the a3 subunit concentration, little or n"®= %, signal was
expected upon addition of NO to BZDG5urprisingly, all
of the mononuclear Fe(lll) in BZD(became reduced after
exposure to NO to yield two sha®= %/, species identical
to the NO complexes of BZD bound with benzoate
(compare spectra a, e, and f in Figure 4). Such iron reduction
has not been observed for other types of mononuclear iron-
containing enzymes, and the mechanism is not yet under-
stood. Quantification of als = 3/, species yields 0.6 0.1
spink3, consistent with the total mononuclear iron content.
Iron reduction upon NO addition is also observed for
benzoate-free BZDamples prepared by buffer exchange.
However, as shown in Figure 4g, only a sin§le 3, species
with line width ~30 G andE/D = 0.012 similar to that of
(benzoate free) BZDE-NO is generated. Addition of
benzoate to the benzoate-free BZBOMO sample generates
the same spectrum as seen for the BZB®O—benzoate
and BZDQ—NO samples (not shown).

Multiple species are often observed in the nitrosyl
complexes of mononuclear iron-containing proteins, which
might reflect either lack of saturation of the active site with
substrate, different types of metal sites, or different binding
modes of the substrate in the active site. Figure 5A shows
that the EPR signal of the/D = 0.012 species disappears
and that of the signal of the/D = 0.029 species increases
as benzoate is added to BZREOThis conversion maximizes
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Ficure 5: Characterization of the ternary BZD@ubstrate-
nitrosyl complex. (Panel A) Benzoate was added to BZR@50

uM sites) followed by exposure to NO: (a) no benzoate; (b) 50
uM benzoate; (c) 25@M benzoate. (Panel B) Saturation behavior
of the signals shown in panel A plotted and analyzed as described
in Materials and Methodsm) E/D = 0.012 signal of substrate-
free enzyme,®) E/D = 0.012 signal of substrate-bound enzyme,
and (x) E/D = 0.029 signal of the substrate-bound enzyme. Inset:
Plot of the EPR signal intensity of the same species versus the
square root of the microwave power. Instrument conditions:
temperature, 4 K; modulation amplitude, 10 G; microwave fre-
quency, 9.63 GHz.

either (i) only about two-thirds of the Fe(lNO binds
benzoate to form thé&e/D = 0.029 complex or (ii) the
mononuclear iron binds benzoate to form two electronically
different ternary complexes in a 2:1 ratio, one of which has
the sameE/D as the substrate-free nitrosyl complex. These
possibilities can be distinguished by measuring the micro-
wave power saturation behavior of the spectra. Figure 5B
shows a plot of the normalized signal intensityt& versus
microwave power (log scale) of tHeD = 0.012 species in
the absence and presence of benzoate anf/ihe= 0.029
species observed only in the presence of benzoate. Fits to

when the substrate and the occupied mononuclear Fe(ll) siteshe data using eq 1 gay, values of 7 mW I§ = 1.4) for

are approximately equal in concentration, suggesting that
benzoate binds tightly to the FeHNO complex. Since the
two species remain in a 2:1 ratio at the end of the titration,

3 The complex signals neay = 2 in Figures 4e-g and 6e,f are
assigned to dinitrosytiron complexes formed from the Rieske cluster
interacting with NO. This assignment is supported by the observation
that reactions of BZDg),with NO generate identical EPR spectra (data
not shown) and exposure of NO to other iresulfur-containing proteins
yields these complexe2§, 29).

the E/D = 0.012 species of BZDQ—NO and 45 mW 1§ =

1) for both theE/D = 0.012 and 0.029 species of substrate-
bound BZDQ..—NO. Figure 5B inset shows a plot of the
signal intensity of these species versus the square root of
the microwave power. From the shape of the curves at high
powers, it is clear that the nitrosyl complexes of the enzyme
and enzyme substrate complex exhibit different relaxation
mechanisms. When only th&/D = 0.012 species in the
presence and absence of benzoate are compared, the satura-
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Table 5: Single Turnover dP. putidamt-2 Benzoate ! L ! !
1,2-Dioxygenase 43

benzoateis-diol yield e

product/ A~
product/'  mono 201 —
electronsnmol of product/ mono  Fe(lll)
reaction added product ap Fe&  generatetl

BZDOQ, as isolateél 0 0.6 0.01 0.01
+benzoatet O, 0 0.8 0.02 0.03
reduced BZDQ
+benzoatet O, 1 23.7 0.47 0.59 1.04
+Fe(ll) 1 27.7 0.55 0.55
+oxidized BZDR 1 29.2 0.58 0.73
+reduced BZDR 4 61.0 1.22 1.53
reduced BZDR
+benzoatet O, 3 0.0 0.0 0.0

e

@ Reactions were performed as described in Materials and Methods. e %

Each reaction was performed three to six times using BZDO purified

by method Il [50 nmol of BZD@ (o3), ~0.8 mononuclear Fef3].

The standard error for each reaction was less than8%r all BZDO,

reactions, neither the electron associated with the mononuclear Fe(Il)

site nor the added Fe(ll) is counted as an added electron. The number 4.2

of electrons added is entirely based on full reduction of the theoretical f /3-9 J

number of reducible cofactors in the reaction (BZP9 1, BZDR = A\,‘-

3). *Normalized to the mononuclear Fe(ll) originally present in the

sampled Normalized to the mononuclear Fe(lll) generated during

turnover by quantification of the majority EPR species WHiD = 1 L 1 L

0.115.6BZDOy as isolated indicates the enzyme after purification 0 1000 2000 3000 4000 5000

without addition of benzoate or Qrior to denaturation of the enzyme Gauss

and product analysis. All other reactions were initiated with the addition Fgure 6: Regulation of the binding of £and NO to BZDO. The

of benzoate and Of Because exogenous iron was added to the reaction, EpR spectra of BZD@(205 M sites) in the presence of 10 mM

the mononuclear iron content used in this calculation was assumed tobenzoate before (a) and after (b) exposure to 2 atmzcjbogo

be 1.0. min at 23°C. Also shown are spectra of reduced BZpkefore
(c) and after (d) a 30 min reaction with,@t 23°C in the absence

. o . L of benzoate. Spectra e and f are of reduced B{ osed to
tion data suggest that, despite identical rhombicities, the two \q'in the abseﬁce and presence of 10 mM benzo[aet%,) respectively.

species represent two different complexes. Thus, it appeargnstrument conditions: (a, b) microwave power, 100; temper-
that, with excess benzoate present, BHHl® = 0.012 and ature, 2 K; modulation amplitude, 10 G; microwave frequency, 9.63

0.029 species represent two different substrate-bound com-GHz; (c—f) temperature, 10 K.

plexes and that, in the presence of substrate, the system has N ) o )

turnover reaction increases the yield pgf about 20%,
which may be related to the ability of BZDR to redistribute
electrons between partially and fully populated active sites
(see below). Addition of reduced BZDR to the single

1.91

~M.77

EPR Absorption Derivative

Single Turneer Reaction.The single turnover results
summarized in Table 5 show that BZDO is capable of
catalyzing the oxygenase chemistry of the entire BZDOS.
At the limit of experimental detection, BZD(as isolated turnover reaction increases the yield of benzaztediol

sopears 0 Tave sl amount of prodct o, T4 above 1005, consisent wihth aciona slecos i can
and oxygen despite the fact that the mononuclear iron is introduce into the reaction. Reduceq BZDR alone is incapable
reduced and could potentially bind oxygen. Only when both of catalyz!ng benzoate hydr9>.<ylat|on. ]

the Rieske cluster and mononuclear iron are in the reduced Regulation of Oxygen Reaaty. Exposure of BZD@ with
states is BZD@ capable of catalyzing a single turnover of @ reduced mononuclear iron and an oxidized Rieske cluster
the reaction cycle. The product yield of different enzyme t© O:in the presence of benzoate causes little oxidation of
batches ranged from 25% to 47% pef protomer and  the mononuclear iron as shown in Figure 6a,b. After a
correlated reasonably well with the mononuclear Fe content30 min incubation with @ none of the characteristé/D
of the particular preparation. Accordingly, Table 5 shows = 0.076 EPR-detectable species of active site Fe(lll) is
that increasing the occupancy of the mononuclear iron site @Pparent in the sample. A small increase in#e = 0.33

by addition of Fe(ll) to the reaction increases the product Fe(lll) species occurs, but quantification of this signal shows
yield by 17%. When normalized to the mononuclear iron that it accounts for less than 2% of the mononuclear iron.
occupiedo,3 protomer content, the yield is 5%50%. This ~ 1hus, even when benzoate is bound, the ferrous ion of
yield is somewhat lower than we recently reported for the BZDOu does not readily react withAJo yield an EPR-active
NDO class of Rieske dioxygenase (889%) (7). Using the species. It is possible that oxygen might bind to form an
spectroscopic approaches described below, it is possible to~€(!ll)—superoxo species or similar EPR-silent species.
quantitate the amount of mononuclear iron actually oxidized However, such a species would be readily apparent in the
during a single turnover. This value correlates with the yield MOssbauer spectrum of the complex, but no species other
of benzoatecis-diol (104% vyield), clearly indicating that ~than Fe(ll) was detected.

BZDO can catalyze the coupled reaction in high yield in  Reduction of the Rieske cluster of BZ)Qrreates an
the absence of BZDR. enzyme form containing two electrons available for catalysis
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0.167

A Table 6: Reciprocal Relaxation Times for Single Turnover

Reactions ofP. putidamt-2 Benzoate 1,2-Dioxygenase

l/‘L’l 1/‘[2 1/‘[3 1/‘[4
substrate (amp} (amp) (amp) (amp)

none 0.013 (100)

benzoate 260 (36) 39 (28) 6.7 (7) 0.013 (29)
3-F-benzoate 47 (42) 8.9(27) 0.51(6) 0.013(25)
3-Me-benzoate 23 (40) 49(31) 0.38(6) 0.013(23)
3-Cl-benzoate 7.1(28) 2.3(31) 0.30(9) 0.013(32)

7 a Observed amplitude in percent of total change for the first four
0.107 exponential phases of the reaction. When substrates are present, a fifth
. very slow, apparently nonexponential phase is also observed which

0 20 40 60 80 100 accounts for about 20% of the total absorbance.
Time (s)

o

N

=
1

0.121

Absorbance at 464 nm

mononuclear iron. Th&= %/, species of the reduced ternary

complex are similar to those of the ternary complex with an

(4,1 exp. fit oxidized Rieske cluster (Figure 4e,f) except that i =

0 0.012 species is nearly lost, and a second rhombic species

2 exp. fit Io_om abs. is formed withE/D very close to 0.029. This suggests that

0 PigMOeatmpetf ety small changes occur at the mononuclear site as the Rieske
3 exp. fit cluster is reduced, but two mononuclear i@ubstrate

ot ekt pssort complexes are still present.

011 0 o1 Oﬁme ?’5 04 05 Kinetics of Oxygen Reactty. The effect of benzoate on
. i i . the rate of reaction of reduced BZDO with (8 shown more
0.0 0.1 02 03 04 0.5 guantitatively using stopped-flow spectrophotometry. Figure
Time (s) 7 shows the increase in optical absorption upon oxidation
FiGURE 7: Single turnover of reduced BZDO monitored by stopped- of the Rieske cluster after stoichiometrically reduced B4DO
flow optical spectroscopy. BZDO(60 uM sites) was reduced  is rapidly mixed with Q in the presence or absence of

stoichiometrically with dithionite and 10@M methyl viologen and :
rapidly mixed (1-1) with oxygenated buffer-0.8 mM O, at 4°C) benzoate at #C. Since both benzoate and oxygen were

with or without substrate. The reactions were carried out ¢4  SuPplied in sufficient excess to establish pseudo-first-order
in 50 mM MOPS buffer, pH 6.9, as described in Materials and conditions and only one turnover could occur in the absence
Methods. Panel A: Kinetic time courses of the reaction monitored of excess reductant, the time course should be fit by a sum
:tr]gﬁbggnngée(ggg\gg Ifg;;hgf rf?ﬁﬁi,??,i Ii1n égfeprggﬁglcg (S-Iq:‘il(é |f”;§t) of one or more exponential phases. Accordingly, the time
| z . . | H
500 ms of the reaction in the presence of benzoate and the residuaFourSfe O.f the absorbance change O.CCU.mng for the.slow
errors from nonlinear regression fits using one, two, and three r€action in the absence of benzoate is fit well by a single
summed exponential time courses, respectively, showing that aexponential with a reciprocal relaxation time ofd# 0.013
three-exp_onential fit is required (_see _Table 6). Th_e slov_v (fourth) 4+ 0.001 st. This value is much smaller than the turnover
B B Doy as oo T g e TUBErOfthe anzyme a°€ (45 5°) with al components
course in this time domain. The three-exponential fit is superim- saturated,. anq thus it is not relevant.to the natural turnover
posed on the data as a solid line. cycle. Oxidation of reduced BZDQin the presence of
substrate occurs much more rapidly (see Figure 7). Over the
in each active site. However, spectra ¢ and d of Figure 6 first 100 s, the time course displays four-phase kinetics with
show that, after addition of Oto reduced, benzoate-free the relaxation times and relative amplitudes listed in Table
BZDOy, no significant oxidation of the mononuclear iron 6. The first three phases are kinetically competent and
occurs, and only slow oxidation of the Rieske cluster occurs. represent the same fraction of enzyme oxidized as product

In contrast, rapid oxidation of both centers is observed when produced for a particular batch of BZDO. The slowest phase
benzoate is added (see below). has the same reciprocal relaxation time as observed for the
substrate-free reaction, and thus it may represent spontaneous
foxidation of the Rieske cluster without product formation.
An additional very slow oxidation of the Rieske cluster
accounting for about 20% of the total absorbance change is
also observed at longer times than shown in Figure 7. The
origin of this phase is unknown, but it is observed only in

Absorbance at 464 nm

A similar pattern of reactivity is observed using NO as an
oxygen analogue. Figure 6e shows the EPR spectrum o
benzoate-free BZDO after addition of NO to the enzyme
containing reduced Rieske clusters. No EPR-acfive %/,
species is formed, indicating that NO has not formed a stable

1:1 complex with the ferrous ioft* In contrast, addition of th h bstrat ¢ Althouah bergisat
benzoate to reduced BZDO in the presence of NO (Figure d.elc.asevxé Sln su tf] ra e;_are pt:esgn ' luti oug enzeaef
6f) leads to the formation of th8 = ¥, species, indicating 1o11s un%a he n ?ac' Ic r?r aS|cdso u |ofns rtlﬁcessary or
that even when electrons are available, substrate must beVIery raﬁ' tcdemli:a ?uenc prﬁpe urhes O;h tls ”enzy(rjne,t
bound before NO (and, by inferenceg)@an bind to the siower heat aenaturation quenching shows that all produc
is formed in the first 10 s of the reaction. Thus, the rapid
phases of the oxidation reaction of the Rieske cluster are
4 An alternative explanation in which two molecules of NO are bound likely to be correlated with product formation.
to form anS = 1 or 3 species is unlikely because no signals from . . . A
integer spin systems are observed ngar 4 or 12 in parallel mode Rapid scan optical spectra of the reaction shown in Figure
EPR experiments. 8 do not reveal an intermediate with a unique optical
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Ficure 8: Rapid scan stopped-flow spectra of the BZDO single
turnover reaction with benzoate and. @he reaction was initiated

as described in Figure 7, except that 100 BZDO,, (sites, before
mixing) was used. The first (lowest) trace was recorded at 1.28 ms
after mixing. Selected traces to a maximum (highest trace) of 600

Wolfe et al.

decrease in the intensity of the signal of the reduced Rieske
cluster (requiring>30 min for full oxidation), indicating that
Rieske oxidation occurs in both fast and very slow phases.
The new signals in the low-field region derive from three
distinct high-spin, mononuclear Fe(lll) species, as shown in
Figure 9. The spectra were obtained for a sample studied
with Mdssbauer spectroscopy, which showed that ca. 70%
of the 5"Fe of the mononuclear site was in the ferric state.
The majority species (7% 5% of Fé") hasE/D = 0.115

and contributes signals g§ = 8.25 andgx = 3.35 from the
ground doublet and, = 5.6 from the middle doublet. A
second species (ca. 20% of*FehasE/D = 0.33, yielding

a resonance a = 4.3 and a weak broader featuregat

9.7. The third species (5% of ¢ hasE/D = 0.235 and
yields signals ag, = 4.8 andgx = 4.0 from the middle
doublet and a peak gy = 9.3 from the ground doublet. To
determine thé-value of theE/D = 0.115 species, we have
recorded spectra at 10 temperatures between 2.2 and 30 K.
As theg, = 8.25 and the g= 5.6 resonances belong to the
ground and middle doublets, respectively, their intensity

s are shown. Superimposed on the figure are the optical spectra ofratios change with temperature in a way determined by the

50 uM BZDO with the Rieske cluster in the fully reduced-§-

and oxidized { - - ) states. For these spectra, the mononuclear iron
is in the ferrous state. It becomes oxidized during the time course
of a single turnover.

EPR Absorption Derivative

2000 2500

1500
Gauss

1000

Ficure 9: EPR spectrum of the BZDO single turnover reaction
with benzoate and £5Fe-enriched BZD@ (=1 mM mononuclear
iron sites) was reduced stoichiometrically with dithionite and 20
uM methyl viologen and mixed with an equal volume of oxygenated
buffer containing 10 mM benzoate. The reaction was carried out
in 100 mM MOPS buffer, pH 6.9, at Z& as described in Materials
and Methods. After 60 s incubation the sample was frozen in liquid
N». The spectrum shown was recorded at 20 K. The dotted line is

a theoretical curve obtained by adding the simulations of the speciesT

with E/D = 0.115 (75%),E/D = 0.33 (20%), ancE/D = 0.235
(5%). For the zero-field splitting parametei3 in cm™1, E/D) we
used (3.0, 0.115), (1.5, 0.33), and (1.5, 0.235). Conditions:
microwave power, 20@W; modulation amplitude, 9.8 G; micro-
wave frequency, 9.63 GHz.

value of D. Using spectral simulations that match the line
shapes of the resonancegat 8.25 and 5.6, we have varied

D to obtain an optimal match over the whole temperature
range, obtainind = +3.0 £ 0.5 cm. (The background
under these resonances was estimated by spectral simulations
and by polynomial fitting.)

We have also recorded Mebauer spectra of a sample of
reduced BZDO (plus benzoate) enriched witRe in the
mononuclear iron site after exposure tpt@induce a single
turnover. A 4.2 K spectrum is shown in Figure 2b. About
30—40% of the original Fe(ll) remained unreacted in this
sample. The remainder of the iron has been oxidized to Fe-
(I states. Further exposure to,Mad no effect on the
percent of Fe oxidized to the Fe(lll) state. The major Fe-
(Il1) component is the species with'D = 0.115. ForD =
3 cmt about 85% of the molecules wit/D = 0.115 are
in the Ms = +%/, ground state. Its Mesbauer spectrum is
readily simulated with the knowledge & and E/D and
taking into account that the magnetic hyperfine interactions
of high-spin ferric complexes are generally isotropic, with
A (in ASI for S = %) approximately—27 to —29 MHz.
he solid line drawn through the data of Figure 2b is a
spectral simulation using the parameters from the last row
of Table 4. Despite a considerable accumulation of data
(1.2 x 107 counts/channel), the spectra are rather noisy, and
therefore the precision of the analysis is rather limited.
However, we obtainedA = —26.7 £ 0.5 MHz. (The

spectrum despite the observation of multiphase kinetics. Thespectrum of the ground Kramers doublet is quite insensitive
first spectrum recorded at 1.28 ms after mixing shows that ato the zcomponents of theA-tensor and the quadrupole

mixture of oxidized and reduced Rieske cluster is already
present, consistent with the high rate constant for the first
phase.

EPR and Magsbauer Analysis of BZDO Single Tutmo.
Reaction of reduced BZDOwith O, in the presence of

tensor. Thus, we obtaine ~ A, = —26.7 MHz, with A,
undetermined.) We also have examined the EPR spectrum
of this sample at 2 K. The ratio of tH&D = 0.115 ande/D

= 0.33 species was the same as for the sample of Figure 9;
however, theE/D = 0.33 species amounted to about 10%

benzoate results in a rapid decrease in the EPR signal of theof the Fe(lll) in the sample. Given the low concentration of

reduced Rieske center nepr= 2 and the appearance of new
signals in the low-field region of the spectrum as shown in

the E/D = 0.33 and 0.235 species in the sample, their
Md&ssbauer spectra are expected to be hidden in the noise. It

Figure 9. These spectral changes are complete within 10 s,js interesting to note that the spectra in Figure 2 seem to

in accord with the optical time course shown in Figures 7

indicate that it is primarily the iron of the doublet witkEq

and 8. Samples made after longer reaction times show a slow= 3.1 mm/s that has oxidized to the ferric form(s).
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FicurRe 10: EPR spectra are of partially oxidized BZR@®.6 mM -3 !\ 1 exp. fit
sites) (a) with no added ligands, (b) after the addition of 10 mM 4 0 )
benzoate, or (c) after the addition of 5 mM benzazsediol. After x
addition of the substrate or product, each sample was exposedto 2 &
atm of Q, for 3 h, resulting in partial oxidation of the mononuclear s 2 exp. fit
iron. Instrument conditions: microwave power, 200/; temper- 2 ’
ature, 2 K; modulation amplitude, 10 G; microwave frequency, 9.63 3 0 k\ﬂm‘wﬁ
Q
GHz. < 3 exp. fit
0 [
Ligand ExchangeThe observation that the EPR spectrum 0‘ L L L é 10

of the mononuclear Fe(lll) of BZD@after a single turnover A’fl'ime (3)6
differs from that of BZDG or BZDQ, plus benzoate may Ficure 11: Single turnover reaction of reduced BZDO with
indicate that product is bound in the active site of the former. alternative substrates monitored by stopped-flow optical spectros-

Efforts to add the product to BZDGailed to change the  copy. (A) BZDQ, (60 uM sites) was reduced stoichiometrically
EPR spectrum even if the benzoate in this sample was firstwith dithionite and 10QuM methyl viologen and rapidly mixed

removed. One possibility is that the mononuclear iron must (1:1) with oxygenated buffer{1.8 mM O, at 4°C) containing the
be in the ferrous state to allow efficient substrate or product substrate indicated on the figure at 2 mM concentration (before

N . R o . mixing). The reactions were carried out at@ in 50 mM MOPS
binding from solution or their dissociation from the active buffer, pH 6.9, as described in Materials and Methods. Each reaction

site. This was examined by adding substrate or product to time course exhibited a very slow phase with a reciprocal relaxation
BZDO,, and then oxidizing 1620% of the mononuclear iron  time of 0.013 s?, attributed to autoxidation of the Rieske cluster
by prolonged exposure to 2 atm of.O’he enzyme resists without product formation. For clarity, the minor contribution from
oxidation by this approach (see above), so this was the this phase has been subtracted from the time courses shown. (B)

. ' . Residuals from fitting the time course of the reaction using 3-Cl
ma>.(|mun.1 amount of Fe(lll) that _COUId be obtained. Fol- benzoate as the substrate with one, two, and three exponential
lowing this treatment, the enzyme in the absence of substratephases, respectively. Analysis of the other time courses shown in
or product (Figure 10a) exhibited &D = 0.076 species  (A) also required three exponentials for a satisfactory fit.

identical to that observed for BZDOThis supports the ) ) )
notion introduced above that this species derives from Penzoates, respectively) and highly coupled reactions (each
mononuclear Fe(lll) in the substrate-free active site. Ac- =88% coupled). At £C, the reaction for each substrate over

cordingly, when benzoate was present (Figure 10b), only the the first 100 s exhibits the very slow phase with a &
E/D = 0.33 species was observed, and the presence of0-013, like that observed in the time courses for the reactions
product (Figure 10c) elicited tHe/D = 0.115 species. These of_substrate-free and benzoate-bound reduced_BZDO. Thus,
results indicate that, at the conclusion of a single turnover, this probably also represents spontaneous oxidation of the
BZDO appears to contain the oxidized Rieske cluster and Ri€ske centers which cannot participate in a productive
mononuclear Fe(lll) with benzoateis-diol bound in the reaction. After subtraction of the small contribution of this

active site. Table 3 summarizes the EPR parameters of thg?hase to the first few seconds of the reaction, each of the

mononuclear Fe(lll) of BZDO in the different complexes. time courses is fit well by three equnentlal phases (Figure
Single Turneer of Alternate SubstrateSeveral different ~ 11B) with the rate constants shown in Table 6. At least two

substituents in different positions can be added to the Phases ineach case are kinetically competent, and each phase

benzoate nucleus to form alternative substrates for BZDOS. IS significantly slower than the corresponding phase in the

The single turnover time courses for these substrates arg?®nzoate oxidation time course.

S|gn[f|cantly slower thap for benzoate but still consist of DISCUSSION

multiple phases. The time courses for alternate substrates

with F, Cl, and CH substituents in the 3-position are shown It has been shown here that the reduced BZDO component

in Figure 11A. These alternative substrates give relatively isolated fromP. putidamt-2, in the absence of its reductase

high turnover numbers (71%, 64%, and 47% of the wild- component, is capable of a single turnover to produce a high

type turnover number for the 3-F-, 3-GH and 3-Cl- yield of thecis-dihydroxylated product. This shows that the
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chemical reactions occur on the BZDO component and must,for NDO (7). The yield per occupied mononuclear site of
therefore, involve the mononuclear iron and/or Rieske iron NDO approaches 100% while in no case have we observed
sulfur centers of that component. The current studies showgreater than 75% yield for BZDO even when the mono-
that the rate of the product-forming reaction exceeds the nuclear site is reconstituted with added Fe(ll). Nevertheless,
enzyme turnover number, demonstrating that BZDO cata- the yield is sufficient in both cases to state with confidence
lyzes the oxidation reaction at least as fast as the completethat the oxygenase component is solely responsible for
BZDOS. Thus, in accord with our previous studies of the substrate oxygenation. For both NDO and BZDO, we have
NDOS subclass of Rieske dioxygenas®, (the benzoate  shown that one-electron oxidation of a Rieske cluster and a
subclass also does not require component interactions ormononuclear iron is required for product formation, thus
electron transfer from external sources during the catalytic establishing that a Rieskenononuclear iron pair represent
cycle to catalyze oxygenase chemistry. Given the similarities the catalytic unit. Integration of the EPR spectra for the
in spectroscopic properties and chemical reactions of thereduced oxygenase components shows that the Rieske center
Rieske dioxygenase subclasses, it seems likely that this willoccupancy is usually close to 100% in the case of NDO, but
be generally true for the entire family, despite the structural it is more variable in the case of BZDO. Consequently, at
differences that have been noted. least part of the lower yield of the latter system may derive
The BZDOS offers significant new insight into catalysis from inactivity of sites without Rieske clusters. In the case
by Rieske dioxygenases because it can be stablized with theof NDO, the yield could be brought to 100% on the basis of
mononuclear iron in either the oxidized or reduced form so the electrons present in the system by adding the oxidized
that substrate interactions can be evaluated in each state. ThibBIDF ferredoxin component, presumably because this com-
is facilitated by the fact that the mononuclear iron is in an ponent can redistribute electrons from Rieske clusters that
asymmetric electronic environment, which gives the resulting do not have a mononuclear iron partner to fully functional
EPR spectrum much greater sensitivity to structural changesactive sites). While a higher yield was also observed when
than observed for other Rieske dioxygenases. Also, thethe oxidized BZDR reductase component was added in the
comparatively high substrate solubility and the ability to BZDO single turnover, the yield remained lower than 100%.
utilize alternative substrates have allowed the kinetics of the If, as appears to be the case, BZDR combines the roles of
single turnover reaction to be examined over the entire kinetic the NDR and NDF components, then it may be able to
time course for the first time. An unexpected complexity is similarly redistribute electrons and increase the single
revealed by this analysis that is discussed in the following turnover yield from sites that are missing a mononuclear iron.
sections. However, if a Rieske cluster is missing from an active site,
Comparison with NDO Single Turner. Despite the fact ~ an electron in the mononuclear iron center may not be
that NDOS requires an additional ferredoxin component, both accessible to BZDR and therefore may not contribute to the
the minimum requirements for turnover and the regulation single turnover yield. Indeed, following a single turnover,
of catalysis appear to be very similar to those reported hereM6ssbauer spectroscopy indicates that about 30% of the
for BZDOS. For each enzyme, single turnover occurs only mononuclear iron remains in the reduced state for the samples
when both the Rieske and mononuclear iron sites are reducedinvestigated and the amount of oxidized mononuclear iron
substrate is bound, and the oxygenase is exposed to oxygercorrelates with the product yield.
For each system, when the Rieske cluster is reduced, the Importance of Redox State in Substrate and Product
binding of NO (as an @mimic) to the mononuclear iron  Interaction with the Mononuclear Iron of BZDO@he results
apparently does not occur before substrate binds. This isreported here support the hypothesis that the mononuclear
remarkable in that NO can bind to the mononuclear iron in iron must be in the reduced state for product to rapidly
both enzymes in the absence of substrate when the Rieskelissociate or substrate to bind. BZP{D the presence or
cluster is oxidized, showing that the site is accessible. absence of benzoate exhibits an EPR spectrum dominated
Moreover, the crystal structure of NDO with the Rieske by anE/D = 0.076 Fe(lll) species. While it is possible that
cluster reduced suggests that the mononuclear iron issubstrate causes no spectroscopic change when it binds in
5-coordinate and includes a solvent molec@& B80). Thus, the active site, this seems unlikely. Indeed, we show here
it could accommodate an NO ligand by either solvent (Figure 10) that three quite different EPR spectra result from
displacement or a small shift in coordination geometry. While oxidizing the BZDQ Fe(ll) site in the presence of benzoate,
it is advantageous for the enzyme not to activate molecular cis-diol benzoate, or when no substrate or product is present,
oxygen in the absence of a substrate, the mechanism bysuggesting that the iron environment is very sensitive to small
which the NO (or Q) is excluded from the iron remains molecule binding. In this experiment, tH&/D = 0.076
unclear. The fact that it occurs in both enzyme systems, species is specifically observed when no substrate or product
however, suggests that it is fundamental to the regulatory is present. Consequently, tB¢D = 0.076 species of BZDO
scheme of this enzyme family. It is possible that substrate is proposed to derive from the substrate-free Fe(lll) mono-
creates a binding site near the iron for small molecules or nuclear site, and we hypothesize that BZDiaas little
that it in some way lowers the redox potential of the benzoate in the active site despite its presence in solution.
mononuclear iron site to facilitate oxygen and NO binding In contrast, addition of benzoate to the Fe(ll)-containing
as we have described for other classes of dioxygen&des ( BZDO, causes significant changes in both the electronic
32). However, the crystal structure of NDO strongly suggests environment and relaxation behavior of the mononuclear
that this is not accomplished by direct coordination of the metal center as detected by EPR spectroscopy of the nitrosyl
substrate to the iror3j. complex. Thus, we conclude that benzoate has ready access
The overall yield of product from a single turnover is to the active site when the mononuclear iron is reduced. The
somewhat lower in the case of BZDO than we have reported same conclusion can be reached by considering that the novel
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E/D = 0.115 Fe(lll) species is only observed when the pathway between the metal centers, or it may mean that
mononuclear Fe(ll) centers are oxidized in the presence ofattack on substrate occurs simultaneously with the transfer
product or after a single turnover when product is formed in of an electron from the Rieske cluster. Although the latter
the active site. It is specifically not observed when product proposal is attractive, the lack of a correlation between the
is added to the Fe(lll)-containing BZDGsuggesting again  reaction rate and bulk or electronic property of the substituent
that reduction of the mononuclear iron center is necessarydoes not support it. Another possibility is that the substrate
for small molecule exchange. Accordingly, product is not itself forms part of the electron transfer pathway, thereby
recovered in high yield after a single turnover until the accounting for the observation that it must be present before
enzyme is denatured. These observations suggest that redu@xygen activation occurs. However, a reasonable electron
tion of the Fe(lll) center at the end of the turnover cycle is transfer pathway between the Rieske cluster and the mono-
important for product release. In effect, electron transfer from nuclear iron site involving Asp205 in the case of NDO has
external components completes the catalytic cycle rather thanbeen recognized and tested convincingly via site-directed
initiating it as commonly thought. If this sequence is correct, mutagenesis2@, 33).
then it implies an important catalytic role for BZDR, beyond A second potentially significant observation from the
simple electron transfer; namely, BZDR must bind and single turnover reactions of both benzoate and the alternative
rereduce the BZDO component before product release andsubstrates is that three relatively fast exponential phases are
the beginning of a new cycle. A role for conformational required to fit the time course in addition to the very slow
change linked to the oxidation state of the mononuclear iron phase correlated with autoxidation. One interpretation of this
in the regulation of catalysis is also implied by this observation is that three sequential steps occur in the product-
observation. This may have a bearing on the observedforming reaction. However, no intermediates with distin-
reaction kinetics as discussed below. guishable spectra were observed, and it is difficult to
Kinetics of Single Turnger. The time course of the single  conceive of a mechanism in which a single electron is
turnover reaction is followed in the studies described here transferred in three sequential, substrate-dependent reactions
primarily as a change in the absorbance of the Rieske clustefrom a single iror-sulfur cluster with indistinguishable
upon its oxidation. The results clearly show that the highest spectral changes. One alternative is that the enzyme prepara-
rate constant for this part of the reaction exceeds the overalltion has three different subpopulations due to partial inac-
turnover number (4.578) by 50-fold. Indeed, the reciprocal tivation or related phenomena. While this cannot be ruled
relaxation times of each of the phases that cannot beout, the fact that many batches of enzyme exhibit similar
attributed to simple autoxidation of the Rieske cluster exceed kinetics argues against it. Another possibility is that the
the turnover number. This suggests that a later reaction,reaction occurs at different rates for each of the three active
perhaps attack of activated oxygen on the substrate or producsites in a given enzyme molecule. This might be a result of
release in association with the transfer of electrons from a static structure of the enzyme that makes the three sites
BZDR, is rate limiting. Unfortunately, most of these reactions inequivalent in some way. Alternatively, a dynamic structural
are likely to give relatively weak chromophoric changes, and change may occur during each cycle, allowing each active
thus far, no evidence for species beyond the oxidized andsite to react in turn. The inequivalence of the sites is
reduced Rieske cluster has been detected in the rapid scasupported by the observation of two different species in both
optical spectra of the single turnover reaction. The transientthe Mssbauer spectra of BZDQand the EPR spectra of
kinetic studies indicate that, in the absence of substrate, boththe enzyme-substrate-NO complex. These alternatives can
the Rieske and mononuclear iron sites are essentiallybe probed by more extensive kinetic studies, which are in
unreactive with @ on the time scale of turnover. These progress.
observations demonstrate that the rapid transfer of an electron Relevance to MechanismOn the basis of the results
from the Rieske center is intimately tied to the reaction of reported here and those of our previous study of NDOS, a
the enzyme with substrate and oxygen. consensus mechanism emerges that invokes the utilization
Single Turneer of Alternatve SubstratesThe use of of the two reducing equivalents held in the two metal sites
alternative substrates significantly decreases the rates of botfof the fully reduced Rieske dioxygenase active site to activate
single and multiple turnover reactions, but the effect on the molecular oxygen and catalyze substrate dihydroxylation
single turnover reaction kinetics is greater. From the limited (Scheme 2). Participation of the other component(s) is
set of alternative substrates investigated with transientimportant only after the chemistry is complete in order to
enzyme kinetic techniques thus far, no clear trend emergesallow the product to be released and the enzyme to be primed
to allow the correlation of rate with electrophilicity or bulk  for another cycle. The studies reported here show directly
of the new substituents. These studies are complicated bythat the Fe(lll) product species predominates at the end of a
the tendency of the alternative substrates to uncouple thesingle turnover cycle because no reduced reductase compo-
reaction, leading to reduction of ,Owithout substrate  nent is present to initiate product release.
oxidation. The alternative substrates with new substituents If only two electrons are involved in the oxygen activation
in the 3-position were selected for the initial study reported process, then it is possible that either an Fefifigroxo or
here because they cause the least uncoupling. an Fe(V)-oxo species provides the reactive form of oxygen
The use of alternative substrates shows that the observedequired for the reaction7}. Both of these forms have also
reciprocal relaxation times for all fast phases in the single been implicated from recent work using model inorganic
turnover time course are dependent on the specific substratehelate systems3f), and the involvement of an Fe(IH)
present. This suggests that the substrate plays a direct rolgeroxo intermediate has also been invoked from kinetic
in the reaction in which the Rieske cluster is oxidized. This isotope effect studies of the Rieske monooxygenase enzyme
might involve structural alterations in the electron transfer PMO (35). While the primary reactions of PMO and BZDO



9626 Biochemistry, Vol. 41, No. 30, 2002

Scheme 2: Proposed Catalytic Cycle for Benzoate 7.

1,2-Dioxygenase Emphasizing the Role of BZDR To Reduce
the Enzyme at the Completion of the Chemical
Transformation To Allow Product Release
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differ, both the M@sbauer and EPR characteristics of the
enzymes are very similar in all of the oxidation states of the
mononuclear iron and Rieske cluster studied thus 3&r(
39). Indeed, BZDO is spectroscopically more similar to PMO
than to any of the Rieske dioxygenases. Thus, it is possible 5,
that the oxygen activation phases of these enzymes proceed

20

along a similar track and diverge only at the stage of the 23.

actual oxygen insertion reaction itself.
A new aspect of the mechanism of Rieske dioxygenases
that has emerged from this study is that the rate of the

electron transfer reaction between the metal centers depends2s.

on the presence of the organic substrate and its nature. This
may mean that the view expressed above, conceiving of the
reactive species as involving only iron and some form of
activated oxygen, may be too simplistic. Future studies are 27
necessary using the broad range of substrates accommodated
by this enzyme class, as well as the diversity of types of
oxygenase and oxidase reactions they catalyze, to probe this
intriguing possibility. Finally, the preliminary evidence

6

28

during a single turnover suggests that the trimeric structure

of the enzyme may play an unexpected role in the catalytic 31.

cycle. This role can be explored using analogues of the

numerous site-directed mutations near the subunit boundaries 32.

that have been recently reported for the mechanistically
similar enzyme NDO 33, 40).
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